ABBREVIATIONS AC = anterior commissure; BFMDRS = Burke-Fahn-Marsden Dystonia Rating Scale; DBS = deep brain stimulation; EEG = electroencephalographic; GPi = globus pallidus internus; MDS = myoclonus-dystonia syndrome; PC = posterior commissure; SEEG = stereoelectroencephalography; UMRS = Unified Myoclonus Rating Scale. OBJECTIVE The purpose of this study was to verify the safety and accuracy of the Neuromate stereotactic robot for use in deep brain stimulation (DBS) electrode implantation for the treatment of hyperkinetic movement disorders in childhood and describe the authors' initial clinical results. METHODS A prospective evaluation of pediatric patients with dystonia and other hyperkinetic movement disorders was carried out during the 1st year after the start-up of a pediatric DBS unit in Barcelona. Electrodes were implanted bilaterally in the globus pallidus internus (GPi) using the Neuromate robot without the stereotactic frame. The authors calculated the distances between the electrodes and their respective planned trajectories, merging the postoperative CT with the preoperative plan using VoXim software. Clinical outcome was monitored using validated scales for dystonia and myoclonus preoperatively and at 1 month and 6 months postoperatively and by means of a quality-of-life questionnaire for children, administered before surgery and at 6 months' follow-up. We also recorded complications derived from the implantation technique, "hardware," and stimulation. RESULTS Six patients aged 7 to 16 years and diagnosed with isolated dystonia (DYT1 negative) (3 patients), choreodystonia related to PDE2A mutation (1 patient), or myoclonus-dystonia syndrome SGCE mutations (2 patients) were evaluated during a period of 6 to 19 months. The average accuracy in the placement of the electrodes was 1.24 mm at the target point. At the 6-month follow-up, patients showed an improvement in the motor (65%) and functional (48%) components of the Burke-Fahn-Marsden Dystonia Rating Scale. Patients with myoclonus and SGCE mutations also showed an improvement in action myoclonus (95%-100%) and in functional tests (50%-75%) according to the Unified Motor-Rating Scale. The Neuro-QOL score revealed inconsistent results, with improvement in motor function and social relationships but worsening in anxiety, cognitive function, and pain. The only surgical complication was medial displacement of the first electrode, which limited intensity of stimulation in the lower contacts, in one case. CONCLUSIONS The Neuromate stereotactic robot is an accurate and safe tool for the placement of GPi electrodes in children with hyperkinetic movement disorders.
H yperkinetic movement disorders encompass several inherited and acquired conditions that cause long-lasting motor disability in childhood. They are classified as dystonia, chorea, athetosis, myoclonus, tremor, tics, and stereotypies. 38 Dystonia is the most frequent hyperkinetic movement disorder in childhood, and it can occur in isolation or combined with other movement disorders (such as parkinsonism or myoclonus) or appear in children with a complex phenotype and associated neurological features. A few causative genetic defects have been described in isolated and combined dystonia syndromes, but for most patients the underlying genetic defect remains unknown. Despite the severe disability that is associated with generalized dystonia in childhood, no biologically based treatments are available for the majority of patients, because of the poor understanding of the pathophysiological mechanisms. Also, medications are often of limited efficacy and are accompanied by side effects.
In the last decade, clinical studies have reported beneficial effects of pallidal deep brain stimulation (DBS) in patients with generalized dystonia, 11, 21, 41, 43 especially when surgery is performed in the early stages before skeletal deformities occur. 31 However, due to the limitation of pediatric movement disorder programs in many countries, most pediatric patients must wait until adulthood to receive surgery through adult programs. 29 In our pediatric hospital a multidisciplinary Pediatric Movement Disorders Unit has been created, a DBS program has been developed to assist these patients, and a stereotactic robot for implantation of the brain electrodes has been acquired.
With the present study we aim to describe our initial experience in terms of accuracy of the robotic arm for the implantation of the electrodes and our short-term clinical results.
Methods

Study Design and Patient Selection
This is a 1-year prospective study of a cohort of patients treated by bilateral globus pallidus internus (GPi) DBS in our Pediatric Movement Disorders Unit between April 2016 and May 2017. Inclusion criteria for surgery were children aged 6 to 18 years affected by isolated or combined dystonia and not responding to medication, for whom a primary genetic condition was suspected. All patients underwent MRI studies that ruled out structural brain damage.
Surgical Technique
Preoperative MRI for direct localization of the posteroventral GPi was performed in all patients several days before surgery. The MRI study included volumetric acquisitions for neurosurgical navigation in T1 and T2 sequences (Axial FSPGR BRAVO and CUBE T2) using a 1.5-T Signa MRI magnet (General Electric).
The MRI was loaded into the planning station. The anterior commissure (AC)-posterior commissure (PC) plane was defined to reformat the images in multiplanar reconstructions on the VoXim software (IVS Technology GmbH). Recognition of the GPi boundaries on transverse axial sections was ensured, without referencing to an atlas or to the AC-PC line. Then, the target was chosen by using a 3D cursor vertically on the axial slice at the level of the AC, and horizontally at the junction between the 2 posterior quarters of the GPi. The x, y, and z coordinates were calculated automatically. The best electrode trajectory was selected in the anterolateral direction and was designed to be as vertical as possible, avoiding sulci, ventricles, and specially vessels. We checked the position of the contacts inside the GPi and confirmed that this projection touched the external border of the optic tract in the 3 planes. Definitive trajectories were transferred to the robotic arm working station.
Surgery was performed under general anesthesia and cefazolin antibiotic prophylaxis. The GPi electrodes and the implantable pulse generator (IPG) were implanted in the same surgical session.
Electrode insertion was assisted by the robotic arm Neuromate (Renishaw). For stereotactic spatial patient registration, a preoperative CT was acquired with a fiducial reference screwed to the patient's skull. Afterwards, the referenced CT was co-registered to the 3D previous MRI containing the planned trajectories using the VoXim software. The patient's head was stabilized with the 6-pin robotic arm head-holder. No stereotactic frame was employed. The co-registration was based on fiducial recognition and location through ultrasound (Fig. 1) . A drill attached to the robotic arm was employed to create a groove in the cortical bone to ensure that the burr holes were exactly placed according to the presurgical plan, at the intersection between the trajectories and the cranium. Burr holes were made with a 14-mm drill (Codman ref. . We inserted the quadripolar 3389 electrodes (Medtronic Neurological Division) to the appropriate depth through the way carved with a cannula (Medtronic ref. FC1019) attached to the 1.8-mm guide provided by Renishaw, and we locked them with the Stimloc (Medtronic).
Later, we performed electrical stimulation through the electrode according to therapeutic parameters and registered free-running electromyography (EMG) and cortical visual activity through electroencephalographic (EEG) recordings (Fig. 2) . No microelectrode register was performed. Then we tunneled the connectors to the right retroauricular region.
Finally, we inserted the connecting leads 90 cm in length (Medtronic) and the IPG (Activa RC neurostimulator, Medtronic) in the abdominal wall after removing the head holder and repositioning the patient. Impedances were checked and a postoperative CT (still under general anesthesia) was performed in all patients just after the surgery.
The surgical technique is shown in Video 1. 
Accuracy
We determined system accuracy by calculating distances between the electrodes and their respective planned trajectories. To do this, we merged the postoperative CT with the preoperative plan using the VoXim software and used measuring tools provided by this software (Fig. 3) .
Outcome Assessment
Patients with dystonia were evaluated using the BurkeFahn-Marsden Dystonia Rating Scale (BFMDRS) preoperatively and 1 and 6 months postoperatively. 6 In patients with myoclonus-dystonia, we used the BFMDRS for dystonic features and the Unified Myoclonus Rating Scale (UMRS) 14 for the rating of myoclonic jerks preoperatively and 1 and 6 months after the surgery. Quality of life was evaluated with the pediatric Neuro-QOL 22 preperatively and 6 months after the surgery. All patients were videotaped for evaluation by movement disorder experts (B.P.D., M.I.V.) before surgery and 1 month and 6 months after surgery.
Approval
All participants or their legal guardians provided informed consent for their inclusion in the study. All procedures followed the Declaration of Helsinki, 1975, as revised in 2013. The study was approved by the Research and Ethics Committee of Sant Joan de Déu Barcelona Hospital.
Results
Patients
Six patients were treated with GPi stimulation during the study period. Their mean age at intervention was 11.8 years (range 7-16 years), and their mean disease duration was 7 years (range 0.5-12 years).
Patients 1, 3, and 5 presented with lower limb dystonia at a mean age of 6.8 years, and all showed isolated generalized dystonia at the time of intervention. Testing with a multi-gene panel including all genes known to be linked to dystonia yielded normal results for these patients.
Patients 2 and 4 had suffered from myoclonus-dystonia syndrome (MDS) since the age of 3 years. Both had pathogenic variants of the SGCE gene.
Patient 6 with prominent choreo-dystonia and paroxysmal attacks of dyskinesia had mutations in PDE2A, a gene recently linked to chorea in childhood.
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In all 6 cases, the patients' symptoms had been refractory to the pharmacological treatment used for movement disorders. Patient 3 had prominent dysarthria and laryngeal dysphonia. No other neurological features were observed on examination of the other patients. Cognitive assessment performed at baseline disclosed normal results in all patients except patient 6, who was affected by moderate cognitive disability (Kauffman Brief Intelligence Test total score 44). Psychiatric assessment identified obsessive-compulsive behavior, anxiety, and depression in patients 2 and 4 (who both had MDS). Table 1 summarizes the demographic, clinical, and genetic data for the 6 patients.
Location of Electrodes
The resulting stereotactic coordinates of direct visualization of the posteroventral GPi in the MRI in our patients, presented as mean (range), were x, 18.6 (17.5-20.5); y, 2.25 (2-2.5); z, -4 (-3 to -6). The mean accuracy in the placement of the electrodes was 1.2 mm at the target point and 1.9 mm at the entry point ( Table 2 ). The mean surgical time was 8 hours 5 minutes (range 7 hours 35 minutes to 8 hours 44 minutes).
Stimulation Settings
We began stimulation within the first 48 hours after the surgery. We started with monopolar stimulation in the lower contacts, voltage intensity 10%-20% below the threshold of appearance of secondary effects, 60 μsec, 130 Hz. Parameters were adjusted according to the clinical response (Table 3) .
Outcome
Tables 4 and 5 describe the changes in dystonia and Table 5 .
We observed a significant improvement in the motor (65% ± 29%) and functional (48% ± 38%) components of the BFMDRS in the whole study cohort at the 6-month follow-up period. The 2 patients with myoclonus and SGCE mutations also showed an improvement in action myoclonus (95%-100%) and in functional tests (50%-75%) according to the UMRS. Individually, all patients showed a significant improvement with the exception of patient 6 with choreo-dystonia due to PDE2A deficiency, who improved in the first weeks after DBS, but the response was not sustained, and the BFMDRS scores at 6 months showed a very mild improvement in his dystonic features without functional amelioration. All patients were able to withdraw from antidystonic medication, with the exception of patient 4 who was still receiving treatment with trihexyphenidyl at the time of the study.
The pediatric Neuro-QOL showed an improvement in upper and lower limb function, stigma, social relationships, and anger items, with no change in depression score. However, we observed worsening in anxiety, fatigue, cognitive function, and pain.
Video 2 shows detailed evolution of some clinical features, including dystonia and other hyperkinetic movements, in the 6 patients before and after DBS. 
Adverse Events
The only intraoperative complication was medial tip deviation (4 mm) of the first electrode we implanted in patient 1.
Transient dysarthria was observed in patients 1 and 4. Stimulation-induced hypokinesia with freezing of gait, unstable gait, and micrographia was observed in patient 3 at the following settings: 3(-)0(+), 3 V, 90 μsec, 180 Hz; 9(-)7(+), 3 V, 90 μsec, 180 Hz. These side effects disappeared after the frequency of stimulation was reduced to 90 Hz. Patient 4 showed a sudden clinical worsening of myoclonus due to the accidental shutdown of her neurostimulator.
None of the remaining patients experienced any further complication or serious adverse effect due to DBS.
Discussion
Pallidal DBS is a technique of proven effectiveness and safety for the treatment of dystonia in adults 11, 20, 21, 41, 43 and children. 5, 8, 15, 17, 18, 33, 35, 40 It has also been used to treat lifethreatening conditions such as status dystonicus.
3,10 Our previous experience with surgery for the treatment of dystonia was described in an earlier publication by Valldeoriola et al.
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In order to offer this treatment to pediatric patients in our country, we have created a Pediatric Multidisciplinary Movement Disorders Unit and have initiated a DBS Program. Since we did not have a stereotactic frame and the development of our program coincided with the rise of the stereoelectroencephalography (SEEG) indication in our center, we decided to acquire the stereotactic robot to use in both techniques.
Although the use of robotics is spreading in neurosur- gery, there have been only a few cases reported in children. 12, 30, 45 To date, many surgeons have used robots for stereotaxy in epilepsy surgery with adult patients and combined in combination with the use of a stereotactic frame. However, we report the largest pediatric neurosurgical experience with robot-assisted GPi DBS surgery in children with primary hyperkinetic movement disorders.
The accuracy obtained in our patients at the target point was similar to that reported by other groups with other frameless stereotaxic systems (0.86-2.5 mm) 7,12,13,42 but slightly inferior to the in vitro accuracy of the Neuromate robot (0.44 mm) 44 and to accuracy achieved with framebased systems (1.2 mm). 4 Our results support the effectiveness, accuracy, and safety of this technique, and according to our experience, obviate the need for a stereotaxic frame, at least to the point that it would not be necessary to obtain one if a hospital does not already have one. There are some particularities when using the stereotactic robot for the implantation of DBS electrodes in the pediatric population that must be underlined. The first point refers to the targeting point of stimulation. We performed direct targeting of the GPi in preoperative MRI. When we analyzed our stereotactic coordinates, we realized that the x coordinate was 1-2 mm more medial in our patients than in most published series. 15, 19 This is probably due to the fact that our patients are exclusively pediatric. Nevertheless, transient dysarthria in patients 1 and 4 could reflect proximity of the electrodes to the internal capsule, although it was only confirmed with respect to patient 1 in the lower contacts of the misplaced electrode lead in which stimulation thresholds were reduced. It will be necessary to undertake longterm monitoring of stimulation complications due to this more medial placement in our series.
The second point refers to the age of children selected for surgery. The youngest patient in our series was 7 years old. Although we have used the robotic arm in SEEG electrode placement procedures in patients as young as 5 years, the youngest patient in our DBS series was 7 years old, and we believe that bone thickness and nutritional status should be considered in order to prevent skin ulceration and infection. In fact, in younger children with a poor nutritional state who require DBS surgery due to the severity of their disease, subfascial placement of the neurostimulator could be considered. Moreover, brain growth following electrode implantation may also result in relative retraction of contact positions compared to the original target position. Brain growth has been previously modeled, suggesting a relative retraction of the brain electrodes of between 5 and 10 mm between 4 and 18 years of age, mostly occurring before 5 years of age and a little between 5 and 7 years. 24 The third point is the use of general anesthesia in pediatric patients. In adult patients, surgery is performed with the patient awake, if the severity of dystonia allows it. Although some authors also operate on pediatric patients while the patients are awake, 29 we prefer to do it under general anesthesia. For this reason, we perform intraoperative neurophysiological tests (described under Surgical Technique) in order to determine if the electrode is close to the optic tract and its proximity to internal capsule.
Finally, the young age of our patients and the high voltage needed for the treatment of dystonia made us decide to use rechargeable neurostimulators in all cases. 27 Rechargeable neurostimulators reduce not only the number of stimulator change surgeries but also the associated risk of infection. Moreover, we inserted the neurostimulator in the abdomen and used long connection wires (90 cm) because of the expected growth in these children.
The mean surgical time was 8 hours, which is slightly longer than in other reported robotic series.
12 Our long surgical time is probably due to our learning curve, to the time spent in transferring the patient to the CT facility twice (first to perform the CT with the fiducial and then to check accuracy postoperatively), to the intraoperative neurophysiological tests (electrical stimulation through the electrode and registration of electromyography and cortical visual activity through electroencephalographic recordings), and also to the time required for the implantation of the neurostimulator and the connection wires. In order to shorten surgical time, an intraoperative CT 7 or MRI 39 is mandatory, together with increasing the expertise of the surgical team.
The benefits of this therapy seem to be clear. Motor scores for dystonia and myoclonus improved 62%-83% and 95%-100%, respectively, and functional impairment improved in parallel with the motor improvement in dystonic (42%-65%) and myoclonic (50%-75%) patients. Also, in 5 of 6 cases the patients were able to discontinue antidystonic and antimyoclonic medication.
Dystonia in childhood is more commonly a symptomatic condition, with dystonia frequently expressed on the 33 do not respond as well as patients affected by monogenic dystonia 1 or myoclonic dystonia. 9, 36 Also, the use of GPi DBS has been demonstrated to be more effective than other DBS to other targets for isolated dystonia and MDS. 25 Although patients and family members as well as health professionals had the subjective perception of a significant improvement in quality of life, we obtained inconsistent results with the pediatric Neuro-QOL 6 months after surgery. As described in Table 5 , an improvement was observed in upper and lower limb function, stigma, social relationships, and anger items, with no change in depression score. However patients reported a worsening in scales of anxiety, fatigue, pain, and cognitive function. These inconsistent results are probably influenced by the mood of the children at the time of assessment or by the patient's high expectations of faster short-term improvement. In addition, patients 2 and 4 had psychiatric comorbidities (depression, anxiety) and were were still receiving pharmacological treatment (trihexyphenidyl, diazepam) that might have negatively influenced some items like cognitive function. We believe that longer follow-up is needed to test the improvement in quality of life using the Neuro-QOL scale.
We performed an additional pre-DBS and post-DBS neuropsychological evaluation in patients 1 to 5. No signs of cognitive deterioration were recorded; in fact, we observed an improvement in processing speed and working memory, probably related to the withdrawal of anticholinergics and benzodiazepines. Further research in this field is an important goal as cognitive implications of DBS in the developing brain are still unknown. 34 We only had a single intraoperative complication, consisting of medial tip deviation of the first electrode we implanted (4 mm). This happened because we left the cannula 1 cm above the target in order to avoid artifact stimulation through the electrode when doing the neurophysiological tests. As the electrode is flexible, it curved when going deep until the target. We solved this electrode malposition by stimulating through the third contact with excellent response, so we did not relocate this electrode. When we inserted all the other electrodes we positioned the cannula directly to the target and this problem was avoided.
In our follow-up we did not have any infectious complication despite the young age of patients (under the age of 9 years in 3 cases). The risk of hardware-related complications in children under 9 years of age is controversial. 17, 18 However, the outcome is better when patients are younger and disease duration is shorter. 15, 16, 26, 36 These are impor- tant reasons to perform these surgeries in hospitals that are dedicated to children and include specialized pediatric movement disorder units.
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Conclusions
This brief report demonstrates that the Neuromate stereotactic robot is an accurate tool for the placement of internal pallid electrodes in children with movement disorders. We also describe our first clinical results in a small sample of patients and show that GPi DBS is an effective and safe technique for the treatment of dystonia and myoclonus in pediatric patients. High efficacy in our series is a consequence of not only the accuracy of the placement of the electrodes, but also the selection of the appropriate target, programming parameters for stimulation, and the underlying pathology causing dystonia, all our patients being affected by primary isolated or combined forms of dystonia. However, some limitations of this study include the brief follow-up period and the absence of a blind evaluation of the results. Furthermore, a longer follow-up is needed to rule out the risk of tolerance 32 or electrode migration with growth. 24 We expect to analyze the longterm results of this cohort of patients and to participate in cooperative multicenter blind studies in the near future. 
